E2F transcription factors can activate or actively repress transcription of their target genes. The role of active repression during normal development has not been analyzed in detail. dE2F1 su89 is a novel allele of dE2F1 that disrupts dE2F1's association with RBF [the Drosophila retinoblastoma protein (Rb) homolog] but retains its transcription activation function. Interestingly, the dE2F1 su89 mutant, which has E2F activation by dE2F1 su89 and active repression by dE2F2, is viable and fertile with no gross developmental defects. In contrast, complete removal of active repression in de2f2;dE2F1 su89 mutants results in severe developmental defects in tissues with extensive endocycles but not in tissues derived from mitotic cycles. We show that the endoreplication defect resulted from a failure to downregulate the level of cyclin E during the gap phase of the endocycling cells. Importantly, reducing the gene dosage of cyclin E partially suppressed all the phenotypes associated with the endoreplication defect. These observations point to an important role for E2F±Rb complexes in the downregulation of cyclin E during the gap phase of endocycling cells in Drosophila development.
Introduction
The E2F transcription factors, which consist of a subunit of the E2F family of proteins and a subunit of the DP proteins, are important regulators of S phase and are key targets of the retinoblastoma (Rb) family of proteins. In addition to activating transcription and promoting cell cycle progression, E2F transcription factors can also negatively regulate cell cycle progression by actively repressing target gene expression through their association with Rb family proteins (Weintraub et al., 1992 (Weintraub et al., , 1995 Zhang et al., 1999; Gaubatz et al., 2000; He et al., 2000) . Six E2F and two DP proteins have been identi®ed in mammalian systems (Dyson, 1998; Trimarchi and Lees, 2002) . Extensive studies suggest that these six mammalian E2F proteins can be divided into three classes: the activating E2Fs (E2F-1, E2F-2 and E2F-3), the repressive E2Fs (E2F-4 and E2F-5) and E2F-6, which was shown to be a component of the mammalian Bmi1-containing polycomb complex (Trimarchi et al., 2001) . The activating E2Fs function mainly to activate transcription, although this class of E2F proteins may also contribute to the repression of E2F target genes. In contrast, the repressive E2Fs function primarily to mediate repression. Although a role for E2F±Rb complexes in active repression and in maintaining G 1 arrest is well established in cell culture studies (Weintraub et al., 1992 (Weintraub et al., , 1995 Zhang et al., 1999) , it is not clear what the biological consequences will be when all E2F±Rb complexes are removed during normal development. Such questions are dif®cult to address in mammalian systems due to the presence of extended family members of E2F, Rb and DP proteins.
The E2F, DP and Rb families of proteins are conserved between Drosophila and mammalian systems (for reviews see Dyson, 1998; Trimarchi and Lees, 2002) . In contrast to the extended family members of the E2F and DP gene families, only two E2F genes and one DP gene have been identi®ed in the Drosophila genome (Dynlacht et al., 1994; Ohtani and Nevins, 1994; Sawado et al., 1998) . Studies of the roles of dE2F1, dE2F2 and dDP have revealed that dE2F1 and dDP proteins are essential for the E2F-dependent G 1 ±S transcription program and for cell proliferation in several developmental contexts Duronio et al., , 1996 Brook et al., 1996; Royzman et al., 1997; Du, 2000) . In contrast, dE2F2 is not absolutely required during Drosophila development but functions mainly as a transcription repressor by recruiting Rb family proteins to the E2F target genes (Frolov et al., 2001; Stevaux et al., 2002) , and it plays a role in regulating the transition from genomic replication to ampli®cation in late stage follicle cells (Cayirlioglu et al., 2001 ). These observations indicate that the two Drosophila E2F proteins appear to behave like the two different classes of E2Fs of their mammalian counterparts: dE2F1 functions mainly as a transcriptional activator (Du, 2000) , similar to the activating E2Fs (E2F1± 3), while dE2F2 functions mainly as a corepressor of RBF, similar to the repressive E2F (E2F4 and 5) in mammalian systems (Frolov et al., 2001; Stevaux et al., 2002) . The simpli®ed and yet conserved function and regulation of the E2F±Rb pathway makes Drosophila an ideal system to characterize the roles of the E2F±Rb complexes during normal development.
In this report, we describe a novel gain-of-function allele of dE2F1, dE2F1 su89 , which uncouples the ability of dE2F1 to activate transcription from its ability to interact with RBF. The dE2F1 su89 mutants, in which E2F activation and active repression were mediated by dE2F1 su89 and dE2F2, respectively, were viable and fertile, with no gross developmental defect. Removal of dE2F2 in the dE2F1 su89 mutant background led to complete removal of active repression by E2F proteins. The majority of de2f2;dE2F1 su89 mutants died during development and Critical role of active repression by E2F and Rb proteins in endoreplication during Drosophila development The EMBO Journal Vol. 22 No. 15 pp. 3865±3875, 2003 ã European Molecular Biology Organization showed extensive defects in endocycle tissues. We show that the endoreplication defects are caused by a failure to downregulate cyclin E during the gap phase of the endocycling cells in the absence of active repression by E2F±Rb complexes. Importantly, reducing the gene dosage of cyclin E partially suppressed all the phenotypes associated with the endoreplication defect. These observations point to an important role for E2F±Rb complexes in the downregulation of cyclin E during the gap phase of endocycling cells in normal development.
Results
A special gain-of-function mutation in the dE2F1 gene We identi®ed a novel allele of dE2F1, dE2F1 su89 , from a genetic screen for suppressors of the RBF overexpression phenotype (see Supplementary data available at The EMBO Journal Online). Sequence analysis revealed that dE2F1 su89 contains a single base pair mutation in the conserved Rb-binding domain that converts the conserved amino acid leucine at position 786 to glutamine ( Figure 1A ). To test whether this mutation disrupts the interaction between RBF and dE2F1, a yeast two-hybrid interaction assay was performed. As shown in Figure 1B , dE2F1 su89 can no longer bind to RBF. To demonstrate further the effect of this mutation with endogenous proteins, a co-immunoprecipitation experiment was carried out. While both dE2F1 and dDP were coimmunoprecipitated with RBF from wild-type embryo extracts, no dE2F1 was co-immunoprecipitated with RBF from the dE2F1 su89 embryo extracts, even though similar levels of dE2F1 protein were present in the two extracts ( Figure 1C ). These results indicate that the endogenous dE2F1 su89 and RBF proteins did not form a complex. Interestingly, dDP was still co-immunoprecipitated with RBF from the dE2F1 su89 embryo extracts, indicating that dDP can still form a complex with RBF in the dE2F1 su89 mutant background, probably through the other Drosophila E2F protein, dE2F2.
As dE2F1 su89 contains a point mutation in the RBF-binding domain that overlaps with the transcription activation domain, the ability of dE2F1 su89 to activate transcription and its regulation by RBF was determined. As shown in Figure 1D , transfection of dE2F1 su89 into Drosophila SL2 cells led to transcriptional activation from an E2F reporter construct to the same extent as transfection of wild-type dE2F1, indicating that the point mutation in dE2F1 su89 did not affect its ability to activate transcription ( Figure 1D , columns 2 and 7). However, this point mutation impaired the regulation of dE2F1 su89 by RBF. Co-transfection of RBF effectively inhibited the transcriptional activation induced by wild-type dE2F1 in a dosagedependent manner ( Figure 1D , columns 2±6), and no transcriptional activation was observed at high levels of RBF ( Figure 1D , column 6). In contrast, no signi®cant The point mutation (underlined) in the dE2F1 su89 C-terminus is shown. Amino acids that are conserved between Drosophila and mammalian E2Fs are shaded in gray, and the Rb-binding domain of dE2F1 is indicated with a black bar. (B) dE2F1 su89 did not interact with RBF in a yeast two-hybrid interaction assay. b-Gal activity on patches of yeast transformed with control plasmids or plasmids encoding RBF, wild-type dE2F1 or dE2F1 su89 (su89) is shown as indicated. (C) Endogenous dE2F1 su89 protein did not form a complex with RBF. Extracts from wild-type (WT) or dE2F1 su89 (su89) embryos were immunoprecipitated with anti-dE2F1, dDP and RBF antibodies as indicated, followed by western blot with an antibody against RBF or dE2F1 as indicated to determine the association between the endogenous RBF and dE2F1 su89 proteins. (D) dE2F1 su89 can activate transcription normally but is defective in its regulation by RBF. SL2 cells were transfected with no dE2F1 (1), a constant amount of wild-type dE2F1 (2±6) or dE2F1 su89 (7±11), and increasing amounts of RBF as indicated. The averages of normalized CAT activities from two independent experiments are shown.
inhibition of dE2F1 su89 -induced transcriptional activation was observed at low levels of RBF ( Figure 1D , columns 7±10). At the highest level of RBF transfected, there was still~7-to 8-fold transcriptional activation observed ( Figure 1D , column 11). These data suggest that dE2F1 su89 is an allele of dE2F1 that can activate transcription normally but is defective in its regulation by RBF.
Genetic interactions between RBF and dE2F1 su89
To test the effect of disrupting the interaction between dE2F1 and RBF on the consequences of RBF overexpression in vivo, we examined the effects of dE2F1 su89 mutation on phenotypes induced by RBF overexpression, including E2F target gene expression, cell cycle regulation and the consequent developmental defects.
RBF-280, a form of RBF that has four consensus cdk sites mutated, cannot be regulated by cyclin E or cyclin D . Overexpression of wild-type RBF or RBF-280 in the posterior portion of the eye disc (GMRRBF 4C and GMRRBF-280 2 ) inhibited the expression of proliferating cell nuclear antigen (PCNA), an E2F target gene, in the developing eye ( Figure 2B and data not shown). Introducing one copy of dE2F1 su89 restored PCNA expression even in the presence of the constitutively active RBF-280 ( Figure 2C ). In addition, although the dE2F1 su89 mutation does not signi®cantly affect PCNA expression in the anterior region of the eye discs, a high level of PCNA expression was observed in the second mitotic wave as well as in the morphogenetic furrow of the dE2F1 su89 discs and the GMRRBF-280 2 / dE2F1 su89 discs ( Figure 2C and D) . These results are consistent with the idea that RBF cannot inhibit dE2F1 su89 in vivo. dE2F1 su89 also suppressed the cell cycle defects associated with RBF overexpression. As reported previously, overexpression of either the wild-type RBF or the constitutively active RBF-280 alone did not inhibit S phase entry in the second mitotic wave of the developing eye , while expression of RBF together with the Drosophila p27 family cdk inhibitor Dacapo (GMRRBFDap) can inhibit or delay S phase entry in the second mitotic wave dependent upon the level of RBF and Dap expression (de Nooij et al., 1996; Xin et al., 2002 ; Figure 2F ). As shown in Figure 2G , introducing one copy of the dE2F1 su89 mutation restored normal S phase entry in the second mitotic wave even in the presence of RBF and Dacapo overexpression. Thus dE2F1 su89 also suppressed the cell cycle effect of RBF overexpression in vivo.
Furthermore, dE2F1 su89 suppressed all the developmental phenotypes caused by RBF overexpression. dE2F1 su89 completely suppressed a relatively weak ommatidia fusion and missing bristle phenotype induced by overexpression of wild-type RBF alone (GMRRBF 4C ) as well as a much stronger phenotype induced by coexpression of RBF and Dacapo (GMRRBFDap) ( Figure 3A±E ). Interestingly, while a mutation in ptc, a negative regulator of the hh pathway that was shown to regulate cyclin D and cyclin E expression (Duman-Scheel et al., 2002) , suppressed the GMRRBFDap phenotype ( Figure 3F ), it did not affect the phenotypes induced by RBF-280 expression ( Figure 3G and I). These observations are consistent with the previous observation that RBF-280 cannot be regulated by cyclin D and cyclin E Note that a high level of PCNA expression was observed in the furrow of the dE2F1 su89 /GMRRBF-280 2 discs, an expression pattern that was similar to that of the dE2F1 su89 discs (D). (E±H) BrdU incorporation by eye discs from various genotypes is shown. The genotypes are (E) wild-type, (F) +/GMRRBFDap, (G) dE2F1 su89 /GMRRBFDap and (H) dE2F1 su89 . GMRRBFDap expresses both RBF and Dap in the posterior part of the eye, which delayed and partially inhibited S phase in SMW (F). Introducing one copy of dE2F1 su89 into a GMRRBFDap background suppressed the inhibition of S phase entry in SMW (G). Arrowheads indicate the second mitotic wave.
Role of E2F±Rb active repression in development . Importantly, dE2F1 su89 also suppressed the GMRRBF-280 2 phenotype ( Figure 3H ). In addition, the ability of dE2F1 su89 to suppress the effect of RBF overexpression is not limited to the eye. For example, overexpression of RBF in the wing disc using the dpp GAL4 driver inhibited a cross vein formation and reduced the inter-vein area ( Figure 3K ). These wing phenotypes were also completely suppressed by one copy of dE2F1 su89 ( Figure 3J±L ).
Taken together, these results demonstrate that dE2F1 su89 is a special allele of dE2F1 that retains its transcription activation function but disrupts its interaction with RBF. Importantly, dE2F1 su89 suppressed all the phenotypes associated with RBF overexpression, indicating that dE2F1 su89 can no longer be regulated by RBF in vivo. dE2F1 su89¯i es are viable and fertile with no gross developmental defects Recent studies suggest that dE2F1 functions mainly as a transcriptional activator (Du, 2000) while dE2F2 functions mainly as a transcriptional repressor by binding to RBF or RBF2 (Frolov et al., 2001; Stevaux et al., 2002) . However, it is possible that the RBF±dE2F1 complex can also contribute to active repression. The identi®cation of dE2F1 su89 , an allele of dE2F1 that separates the role of dE2F1 as a transcriptional activator from its potential role as a transcriptional repressor, provides a useful reagent to study the physiological consequence of unregulated dE2F1 activity in the presence or absence of dE2F2±RBF active repression complex during normal development.
Studies of rbf-null mutant¯ies have shown that RBF is required at multiple stages during Drosophila development. Most rbf-null mutant¯ies die during early larval development. The adult¯ies rescued with low-level expression of RBF show a number of alterations in adult structures, including rough eyes and abnormal macrochaetaes on the notum (Du, 2000) . Since dE2F1 is a major downstream target of RBF that activates E2F target gene expression, we expected that dE2F1 su89¯i es would have phenotypes similar to those of rbf mutant¯ies. Surprisingly, dE2F1 su89 homozygous¯ies were viable and fertile, with normal macrochaetaes on the notum ( Figure 4A and B). dE2F1 su89 mutant¯ies did have very slight eye phenotypes with extra bristles around some of the ommatidia (data not shown), similar to the weak eye phenotypes observed with¯ies carrying one copy of GMRdE2F1 and one copy of GMRdDP (Du et al., 1996b) . Consistent with the reported endogenous pattern of dE2F1 in the eye and the fact that dE2F1 su89 protein did not bind RBF, high levels of PCNA expression were observed in the morphogenetic furrow and in areas immediately anterior as well as posterior to the furrow, including the second mitotic wave ( Figure 2D ). In addition, when compared with the wild-type eye discs, dE2F1 su89 eye discs exhibit increased level of PCNA expression posterior to the second mitotic wave, although no obvious difference in PCNA expression was observed anterior to the furrow (Figure 2A and D) . Bromodeoxyuridine (BrdU) staining revealed that dE2F1 su89 eye discs have normal G 1 arrest in the furrow ( Figure 2H ), indicating that the G 1 arrest in the furrow is independent of E2F activity.
One possible explanation for the lack of severe developmental defects in the dE2F1 su89 mutant is the Fig. 3 . dE2F1 su89 -suppressed RBF overexpression induced developmental defects in the adult eyes and wings. SEM images of adult eyes from (A) wild-type, (B) GMRRBF 4C , (D) GMRRBFDap and (G) GMRRBF-280 2 . Overexpression of RBF, RBF together with Dap, or RBF-280 led to different extents of the fused ommatidia and missing bristle phenotypes in the adult eyes. These phenotypes were suppressed by introducing one copy of dE2F1 su89 into these backgrounds (C, E and H). Interestingly, while the ptc mutation suppressed the phenotypes of RBF and Dap overexpression (F), it did not suppress the phenotypes of GMRRBF-280 2 (I). (J±L) dE2F1 su89 also suppressed RBF overexpression-induced wing phenotypes. Expression of RBF in the wing using the dppGal4 driver blocked a cross vein formation and reduced the inter-vein area (K, indicated by arrows); these phenotypes were suppressed by the dE2F1 su89 mutation (L). presence of active repression by dE2F2. To determine the role of E2F active repression during development, we removed dE2F2 in the dE2F1 su89 mutant background to generate de2f2;dE2F1 su89 mutants, in which the transcription activation function was retained while the active repression function of E2F was completely removed.
Removal of dE2F2 in the dE2F1 su89 mutant background results in signi®cant lethality and defective macrochaetaes We generated a new de2f2 null allele, de2f2 p111-5 (see Supplementary data). Trans-heterozygotes of de2f2 p111-5 and the previously reported de2f2 76Q.1 (Frolov et al., 2001) were used in this study. Removing dE2F2 in the dE2F1 su89 mutant background leads to lethality in the majority of de2f2;dE2F1 su89 mutants. Of 145 de2f2;dE2F1 su89 second or early third instar larvae that were followed, 75% of the mutants died during the larvae stage, 24% died during the pupae stage and only 1% of de2f2;dE2F1 su89 larvae survived to adulthood. As expected from the lethality study, larval development of de2f2;dE2F1 su89 mutants was very asynchronous: while most of the de2f2;dE2F1 su89 larvae were smaller, some healthy de2f2;dE2F1 su89 larvae can reach sizes similar to wild-type larvae, and their development was only delayed by about a day. The surviving de2f2;dE2F1 su89 adults did not show gross defects in their adult structures except that the majority of them (88% from a total of 73) displayed extremely short macrochaetaes on the notum ( Figure 4D ). In contrast, both the dE2F1 su89 and the de2f2 mutants had normal macrochaetaes in the adults ( Figure 4A±C ). The observed macrochaetae defects were similar to the phenotype observed in adult rbf mutant¯ies (Du, 2000) . When examined under a scanning electronic microscope, these macrochaetaes were found to have formed the proper structure, but the shaft failed to grow to its normal size ( Figure 4D, arrow) . The relative copy numbers of the rDNA sequences in wild-type and de2f2;dE2F1 su89 mutant salivary glands are shown. The ratios of the hybridization signals of the rDNA sequences to a euchromatic sequencs from the salivary gland DNA were determined. Mitotically active diploid disc DNA, which is considered to have 100% representation of all the heterochromatic sequences, was used for normalization. The averages of at least three experiments are shown. WT, wild-type; Mut, de2f2;dE2F1 su89 mutants. (L±S) Images of salivary glands stained with DAPI are shown. Low (L±O) and high (P±S) magni®cation images of salivary glands from wild-type (L and P), dE2F1 su89 mutants (M and Q), de2f2 mutants (N and R) and de2f2;dE2F1 su89 mutants (O and S). Numbers in (L±O) indicate the average DNA content of the salivary gland nuclei normalized by that from the wild-type. Note that while the salivary gland nuclei from the dE2F1 su89 mutant had a similar DNA content to those from the wild-type (P = 0.24), the DNA content of the de2f2 mutant salivary gland nuclei was less than that of the wild-type (P < 0.00001) but more than that of the de2f2;dE2F1 su89 (P < 0.00001).
de2f2;dE2F1 su89¯i es show defects in endoreplication during macrochaetae development The adult sensilla of D.melanogaster are typically composed of one or more sensory neurons and three different accessory cells: the tormogen, trichogen and thecogen (Posakony, 1994) . During pupal development, the trichogen cell and the tormorgen cell, which are responsible for producing the bristle shaft and the socket, respectively, become polypoid and increase in size through endoreplication. Since endoreplication contributes signi®cantly to the cell size and the bristle size (Edgar and Orr-Weaver, 2001 ), we tested the possibility that the observed bristle defect in the de2f2;dE2F1 su89 mutants is a consequence of defects in endoreplication.
Monoclonal antibody 22C10, which stains the cell body of all the cells in the sensory cluster (Hartenstein and Posakony, 1989) , was used to identify the trichogen cells at the pupal stage. As shown in Figure 4E±J , the trichogen cells of de2f2;dE2F1 su89 mutants were signi®cantly smaller than those of the wild-type¯ies (Figure 4 , compare brown staining of F, G and I, J). BrdU incorporation revealed that while the trichogen cells of the anterior scutellar bristle (asc) and posterior scutellar bristle (psc) were undergoing endoreplication in the scutella of the wild-type¯ies ( Figure 4F and G, black staining), the psc trichogen nuclei of de2f2;dE2F1 su89 mutant scutella was not detectably incorporating BrdU ( Figure 4J ). These results indicate that endoreplication in de2f2;dE2F1 su89 macrochaetae cells is defective. Interestingly, while there was little BrdU staining in the non-sensory cluster cells in the wild-type scutella at this stage ( Figure 4E ), signi®cant ectopic S phases were observed in the scutella of de2f2;dE2F1 su89 mutant¯ies ( Figure 4H , black staining indicated by an arrow). Thus de2f2;dE2F1 su89 mutants also exhibited defects in maintaining cell cycle arrest in the scutella.
de2f2;dE2F1 su89 double mutants show severe defects in salivary gland development Endocycles are widely used during Drosophila development. Because cell size for a given cell type is generally proportional to the amount of nuclear DNA, endoreplication constitutes an effective strategy for growth of cells and tissues that are differentiated yet must continue to grow (Edgar and Orr-Weaver, 2001 ). The observed endoreplication defects in the de2f2;dE2F1 su89 macrochaetaes prompted us carefully to examine another tissue with extensive endoreplication, the salivary gland, in de2f2;dE2F1 su89 mutants.
The salivary glands from de2f2;dE2F1 su89 third instar larvae were signi®cantly smaller than those from dE2F1 su89 or wild-type¯ies ( Figure 4L±O ). The number of nuclei in the de2f2;dE2F1 su89 salivary gland (average = 127 nuclei/gland) was similar to that in wildtype salivary glands (average = 140 nuclei/gland, P = 0.07). Thus the smaller salivary gland in the de2f2;dE2F1 su89 mutants was not due to a signi®cantly decreased number of cells per salivary gland. In contrast, the distance between adjacent nuclei was greatly reduced in the double mutants ( Figure 4P±S ), indicating a signi®cant reduction in the size of the cells in the de2f2;dE2F1 su89 salivary glands.
The Drosophila salivary gland cells endoreplicate during embryonic and larval periods to produce giant polytene chromosomes and large cell size (Rudkin, 1972) . A mature salivary gland cell contains up to 2048 copies of the euchromatic genome (Edgar and Orr-Weaver, 2001 ). To determine whether the small size of the de2f2; dE2F1 su89 salivary gland cells was due to less DNA content, we quanti®ed the salivary gland nuclei DNA from wandering third instar larvae with 4¢,6-diamidino-2-phenylindole (DAPI) staining. While wild-type, dE2F1 su89 and de2f2 reach late third instar at 120 h AEL (after egg lay), de2f2;dE2F1 su89 mutants reach late third instar at 144 h AEL. As shown in Figure 4L±O , the salivary gland nuclei from late third instar de2f2;dE2F1 su89 mutants had only 40% of the wild-type DNA content (P < 0.00001). In contrast, the DNA content of dE2F1 su89 salivary gland nuclei was similar to that of wild-type (ratio = 0.9, P = 0.24). The DNA content of the de2f2 mutant salivary gland nuclei was less than that of the wild-type (ratio = 0.7, P < 0.00001), although it was still signi®cantly more than that of the de2f2;dE2F1 su89 double mutant (P < 0.00001).
The endocycles in Drosophila often have incomplete genomic replication during each round of S phase. As heterochromatic DNA is generally replicated late during each round of endoreplication, heterochromatin, which makes up~30% of the genome, is underreplicated in most polytene tissues (Lilly and Spradling, 1996) . Thus there are two possible mechanisms that can lead to the decreased DNA content in the double mutant nuclei. One possibility is that there is less DNA replicated during each round of endoreplication in the double mutant cells than in the wildtype cells. Another possibility is that there are fewer rounds of DNA replication before pupation. As heterochromatic sequences generally replicate late, the ®rst possibility would predict decreased heterochromatic sequence representation in the de2f2;dE2F1 su89 mutant nuclei. To determine whether heterochromatic DNA representation was decreased in salivary gland DNA from de2f2;dE2F1 su89 mutants compared with that from the wild-type, we examined the representation of a heterochromatic sequence, the rDNA sequence, in the wild-type and in de2f2;dE2F1 su89 mutants as described previously (Lilly and Spradling, 1996) . The ratio of the signal from the rDNA probe to the signal from a euchromatic probe was found to be the same between the de2f2;dE2F1 su89 and wild-type salivary gland DNA ( Figure 4K ). Thus the decreased DNA content in the de2f2;dE2F1 su89 mutants is not due to precocious shut off of DNA replication during each round of endoreplication but is probably due to fewer rounds of endocycles.
Since wild-type salivary glands start the endocycles 8.5 h AEL (Smith and Orr-Weaver, 1991) and complete endocycles at 120 h AEL with a DNA content of 2048 copies, the average length of each endocycle in wild-type salivary glands was~11 h. As de2f2;dE2F1 su89 salivary gland cells had only 40% of the wild-type DNA content at 144 h AEL, the average length of each endocycle in de2f2;dE2F1 su89 salivary glands was~16 h.
To determine whether the increased length of the endocycle is due to increased length of S phase or gap phase, we compared the proportion of cells that are in S phase and in gap phase between the wild-type and the de2f2;dE2F1 su89 salivary glands. An average of 51 6 10% nuclei were incorporating BrdU in the early third instar wild-type salivary glands. In contrast, only 26 6 8% nuclei were incorporating BrdU from the same stage de2f2; dE2F1 su89 salivary glands (P < 0.0003). Thus the estimated average lengths of S phase and gap phase of the wild-type salivary gland cells were 5.6 and 5.4 h, respectively. In contrast, the estimated average lengths of S phase and gap phase in the de2f2;dE2F1 su89 salivary glands were 4.2 and 11.8 h, respectively. We conclude from these data that the increased length of endocycles in the de2f2;dE2F1 su89 salivary glands is due to increased length of the gap phase.
Endoreplication defects in de2f2;dE2F1 su89 salivary glands are caused by a failure to downregulate cyclin E in gap phase cells Cyclin E is a key regulator of the endocycle. Oscillation of cyclin E-dependent kinase activity is required for multiple rounds of endoreplication (Edgar and Orr-Weaver, 2001 ). Cyclin E is required for entry into and progression through S phase of the endocycle (Knoblich et al., 1994) . In addition, at the completion of one round of endoreplication, cyclin E activity needs to be downregulated, presumably for the re-loading of the replication origins for the next round of endoreplication. Continuous overexpression of cyclin E in Drosophila salivary glands inhibits endoreplication and results in a small salivary gland phenotype (Follette et al., 1998; Weiss et al., 1998) .
To determine whether cyclin E oscillation is defective in the de2f2;dE2F1 su89 mutants, we monitored the correlation between DNA synthesis and cyclin E protein level by BrdU and cyclin E staining in wild-type, dE2F1 su89 , de2f2 and de2f2;dE2F1 su89 double mutant salivary glands. As shown in Figure 5A±D , cyclin E expression (green) correlated perfectly with DNA synthesis (red) in a wildtype salivary gland. Only S phase cells exhibit a high level of cyclin E protein, and no cyclin E staining was observed in gap phase nuclei ( Figure 5A±D , see nuclei indicated by arrows and arrowheads). Similar correlations between cyclin E level and BrdU incorporation were also observed in dE2F1 su89 and de2f2 salivary glands ( Figure 5E±L ). In contrast, this correlation between BrdU and cyclin E staining was not observed in the de2f2;dE2F1 su89 salivary glands ( Figure 5M±P ). While all the BrdU-positive cells had high cyclin E levels, high levels of cyclin E protein were also detected in a signi®cant number of BrdUnegative cells ( Figure 5M±P , see the nuclei indicated by the arrows). These results suggest that active repression by the E2F±Rb complexes is required for the downregulation of cyclin E during the gap phase of endocycles. In support of this idea, the level of cyclin E mRNA in de2f2;dE2F1 su89 salivary glands was~4-fold as high as that in wild-type salivary glands as determined by semiquantitative RT±PCR. As down-regulation of cyclin E is probably required for the re-loading of replication origins (Follette et al., 1998) , accumulation of cyclin E in the postreplicative cells will probably inhibit entry into the next round of the endocycle, which may contribute to the reduced endoreplication phenotype of the de2f2;dE2F1 su89 mutant¯ies.
Reducing the gene dosage of cyclin E partially suppressed the lethality, macrochaetae and salivary gland phenotypes of de2f2;dE2F1 su89 mutants The results discussed above suggest that the endoreplication defects observed in the de2f2;dE2F1 su89 mutants are likely to be due to a failure to downregulate cyclin E effectively during the gap phase in endocycling cells. If this is true, reducing the gene dosage of cyclin E may make it easier to downregulate the level of cyclin E during the gap phase and result in a suppression of the endoreplication-related phenotypes. Consistent with this prediction, reducing the dosage of cyclin E by half partially suppressed the de2f2;dE2F1 su89 salivary gland endoreplication defect; the cycE/+,de2f2;dE2F1 su89 salivary gland nuclei have about 70% of the wild-type DNA content ( Figure 6A±C ). In addition, reducing the dosage of cyclin E also partially suppressed the lethality of de2f2; dE2F1 su89 mutants. From 127 cycE/+,de2f2;dE2F1 su89 second or early third instar larvae that were followed, 52% survived to the pupae stage (compared with 25% survival of the de2f2;dE2F1 su89 mutants, P < 0.0001) and 9% survived to adulthood (compared with 1% survival of the de2f2;dE2F1 su89 mutants, P = 0.008). Finally, reducing the dosage of cyclin E by half also strongly suppresses the macrochaetae phenotype; 99% of the cycE/+,de2f2; dE2F1 su89¯i es show normal macrochaetaes ( Figure 6E ), compared with 12% of the de2f2;dE2F1 su89 (P < 0.0001). These results strongly support the idea that phenotypes such as the macrochaetae defects, the small salivary glands and the lethality observed in the de2f2;dE2F1 su89 mutants result, at least in part, from an endoreplication defect caused by a failure to downregulate cyclin E properly during the gap phase.
Discussion
Using a novel allele of dE2F1, dE2F1 su89 , that uncouples the ability of dE2F1 to activate transcription from its ability to bind RBF, we determined the developmental consequence of an activating mutation of E2F in the presence or absence of E2F±Rb repressor complexes. Our results revealed that endocycle tissues show a strong requirement for the E2F±Rb active repression complexes during development. We demonstrated that an important role for the E2F±Rb complexes in endocycling cells is the downregulation of cyclin E during the gap phase.
Cyclin E is an important regulator of endocycle cells. E2F transcription factors are generally found to be important for the expression of cyclin E and for S phase entry or progression of the endocycle cells Royzman et al., 1997) . How can removal of active repression in combination with an activating E2F mutation lead to decreased endoreplication? One possibility is based on the hypothesis that cyclin E will downregulate itself once its activity reaches a certain threshold (Lilly and Spradling, 1996) . If cyclin E oscillation is completely dependent upon E2F transcriptional activation and cyclin E activity, one might predict that in de2f2;dE2F1 su89 double mutants, unregulated dE2F1 su89 might lead to higher cyclin E levels earlier than normal and thus trigger earlier cyclin E downregulation, which will result in less DNA replication (particularly a decreased heterochromatic sequence replication) during each round of the endocycle. A second possibility is that the length of each round of endocycle is increased, leading to a decreased number of endocycles during development. We found that salivary gland cells in de2f2;dE2F1 su89 mutants show a normal representation of heterochromatic sequences ( Figure 4K ) but less overall DNA content ( Figure 4L±O ). These results suggest that the amount of DNA replicated during each round of the endocycle is not affected, but the number of endocycles is decreased in de2f2;dE2F1 su89 mutants.
The decreased number of endocycles could be due to a lengthening of the S phase or a lengthening of the gap phase. Lengthening of the S phase would lead to an increased number of cells that are in the S phase, while lengthening of the gap phase would decrease the number of cells that are in S phase at any given time. A decreased number of S phase nuclei was observed in de2f2;dE2F1 su89 salivary glands compared with that in wild-type salivary glands. Thus the gap phase of the endocycles in the Fig. 6 . Reducing the dosage of cyclin E by introducing one copy of the cycE AR95 mutation into the de2f2;dE2F1 su89 mutant background partially suppressed the salivary gland endoreplication defect and strongly suppressed the macrochaetae defect of the de2f2;dE2F1 su89 mutants.
(A±C) Images of the salivary glands from wild-type (A), de2f2;dE2F1 su89 (B) and cyclin E/+,de2f2;dE2F1 su89 (C) stained with DAPI. The number in (A±C) indicates the average DNA content of the salivary gland nuclei. The cyclin E/+,de2f2;dE2F1 su89 salivary glands were larger and had higher DNA content in their nuclei than the de2f2;dE2F1 su89 salivary glands. (D and E) The SEM images of the¯y notum from a de2f2;dE2F1 su89 mutant (D) and a cyclin E/+,de2f2;dE2F1 su89 mutant (E). Arrows in (D) show defective macrochaetaes. While 88% of the de2f2;dE2F1 su89¯i es had defective macrochaetaes, 99% of the cyclin E/+,de2f2;dE2F1 su89¯i es showed normal macrochaetaes.
de2f2;dE2F1 su89 mutants was signi®cantly lengthened. We found that de2f2;dE2F1 su89 but not wild-type salivary gland cells accumulate high levels of cyclin E in some gap phase cells (cells that were not incorporating BrdU, see Figure 5M±P , arrow). As downregulation of cyclin E levels is required for continuous endoreplication (Follette et al., 1998; Weiss et al., 1998) , the failure to downregulate cyclin E levels properly in these gap phase cells would probably inhibit endoreplication and lead to severe defects in tissues that require extensive endoreplication during development. The observation that decreasing the gene dosage of cyclin E partially suppressed the de2f2;dE2F1 su89 phenotypes such as salivary gland endoreplication defects, macrochaetae defects and lethality provides strong support for the idea that the failure to downregulate cyclin E levels in these gap phase cells is a cause for the observed defects in de2f2;dE2F1 su89 endocycle tissues.
Although previous results established that cyclin E oscillation is critical for continuous endoreplication (Follette et al., 1998; Weiss et al., 1998) , it is not clear how cyclin E oscillation in endocycle cells is achieved. No cyclin E oscillation defect was observed in salivary gland cells in the dE2F1 su89 mutants (data not shown), suggesting that active repression by the dE2F2±RBF complexes was suf®cient to downregulate the level of cyclin E during the gap phase, even in the presence of the unregulated dE2F1 su89 . In contrast, removal of the dE2F2±RBF complexes in the dE2F1 su89 background results in extensive defects in endocycle tissues and defective cyclin E downregulation in the gap phase of endocycling cells. These results argue strongly that the E2F±RBF complexes are required for the normal downregulation of cyclin E in the gap phase of endocycling cells. These results, in conjunction with the previous observation that E2F activity is required for cyclin E expression and S phase progression of endocycle cells, suggested a model in which E2F activation is required for S phase of the endocycles and active repression by E2F±Rb complexes is required during gap phase. It is interesting to note that even in the complete absence of RBF±E2F active repression, there are still signi®cant levels of endoreplication, suggesting that the oscillation of cyclin E activity, although defective, can still occur to some extent in de2f2;dE2F1 su89 mutants. It is possible that additional mechanisms such as protein degradation or binding to inhibitor proteins such as Dacapo can also contribute to the downregulation of cyclin E activity.
This model is also consistent with the observation that endocycle tissues but not mitotic tissues are severely affected in de2f2;dE2F1 su89 mutants. As discussed above, in the absence of E2F±Rb repressor complexes, the downregulation of cyclin E is defective in the gap phase of endocycling cells, resulting in a block in endoreplication, growth and potentially terminal differentiation, and leading to severe developmental defects in the endocycle tissue. In contrast, it appears that mitotic cycles do not have a strict requirement for cyclin E oscillation. For example, it was shown previously that early embryonic division cycles proceed with constant cyclin E±cdc2c kinase activity (Sauer et al., 1995) . In addition, studies of embryos that are devoid of maternal as well as zygotic RBF revealed that RBF was not required for these earlier mitotic cycles that do not have a G 1 regulation (Du and Dyson, 1999) . Thus while the cell cycle control in the mitotic tissues was not completely normal, lack of active repression and cyclin E oscillation in mitotic cells did not lead to a block in cell cycle progression, growth or differentiation, allowing those mitotic tissues to develop into relatively normal structures. The precise mechanism that underlies the different requirements for cyclin E oscillation between mitotic cycles and endocycles are not clear at present and will require further study.
Interestingly, the salivary glands from the de2f2; dE2F1 su89 mutants showed defects not only in endoreplication and growth but also in the expression of genes such as lysozymes and trypsin/chymotrypsin-like proteases (data not shown). These genes are highly expressed in the wild-type salivary glands and are potentially important for salivary functions such as digestion of food. The failure to express these genes is an indication that the de2f2;dE2F1 su89 salivary glands may have terminal differentiation defects. In addition, the de2f2;dE2F1 su89 mutants also show a macrochaetae phenotype similar to the partially rescued rbf mutants (Du, 2000) . While it is quite likely that the observed phenotypes are a consequence of the endoreplication defect, these terminal differentiation-related phenotypes associated with a lack of RBF function are likely to be relevant to some of the observations made in mice when the Rb±E2F proteins are altered. In particular, both uncontrolled E2F activity and loss of E2F activity were shown to cause defects in tissues with endocycles. For example, E2F-1 expression in megakaryocytes led to a block of terminal differentiation and accumulation of massive numbers of megakaryocytes (Guy et al., 1996) . Furthermore, a recent study showed that knockout of DP1 resulted in a failure of extra-embryonic development, including a defect in endoreplication of the trophoblast giant cells (Kohn et al., 2003) . In addition, it was shown recently that loss of Rb in the placenta leads to abnormal trophoblast stem cell proliferation or differentiation and that the embryonic lethality of Rb knockout mice can be largely attributed to a placental defect (Wu et al., 2003) . Trophoblast giant cells are one cell lineage derived from trophoblast stem cells. As these giant cells become polyploid via endocycles, it will be interesting to examine whether a defect in endoreplication may also contribute to the defects observed in the Rb mutant placenta.
Materials and methods

Fly strains
The following¯y strains were used in this study: dE2F1 su89 and de2f2 p111-5 (this study), l(2)k07215 k07215 (Flybase), de2f2 76Q.1 (Frolov et al., 2001) , GMRRBF 4C , GMRRBF-280 2 , GMRRBFDap and UASRBF , cyclin E AR95 (Knoblich et al., 1994) and ptc (Duman-Scheel et al., 2002) .
Lethality analysis of the de2f2;dE2F1 su89 and cycE/+,de2f2;dE2F1 su89¯i es For lethality analysis of the de2f2;dE2F1 su89¯i es, de2f2 76Q.1 /CyO(GFP); dE2F1 su89 /Tm6B¯ies were crossed to de2f2 p111-5 /CyO(GFP);dE2F1 su89 / Tm6B¯ies. Non-GFP and non-Tb larvae of the second or early third instar were identi®ed, and the development of these larvae was followed to determine the survival to the pupae and adult stages. The survival of >100 correct genotype larva was determined for each genotype, and Fisher's exact test was used to determine the statistical signi®cance.
Scanning electron microscopy, antibody staining and salivary gland DNA content quanti®cation Flies were dehydrated and mounted as previously described (Du, 2000) . The antibody staining procedure was as described (Duman-Scheel et al., 2002) . Salivary gland DNA content was determined essentially as described (Weiss et al., 1998) . Brie¯y, salivary glands were dissected from wandering third instar larvae, ®xed and labeled with 1 mg/ml DAPI at room temperature for 1 h. Images of salivary glands were captured using the Zeiss Axiocam with a ®xed exposure time and analyzed by Adobe Photoshop. To quantify the DNA labeling intensities, the pixel intensities within nuclei of one focal plane including the nuclear equator were summed. For each genotype, >40 nuclei from ®ve different salivary glands were examined. Student's t-test was used to determine the statistical signi®cance.
Biochemical analysis
Yeast two-hybrid assays and CAT assays were carried out as described . Sequencing was carried out using the dRhodamine terminator cycle sequencing kit from PE Applied Biosystems. Immunoprecipitation±western blotting was carried out as described (Du et al., 1996a) . Determination of the heterochromatic sequence representation was carried out as described (Lilly and Spradling, 1996) using rDNA as the heterochromatic probe and the P1 clone DS07108 as the euchromatic probe. Mitotically active diploid disc DNA, which is considered to have 100% representation of all the heterochromatic sequences, was used for normalization. The percentages of heterochromatic sequence representations from four independent DNA samples were averaged and repeated. No difference in percentage heterochromatic sequence representation was observed between wild-type and the de2f2;dE2F1 su89¯i es.
BrdU incorporation/in situ hybridization
BrdU staining for eye discs was performed as previously described (Du, 2000) . For the BrdU labeling of the pupal notum, staged pupae were collected and dissected in M3 medium and were placed in 1 mg/ml BrdU/M3 solution with gentle shaking for 1.5 h at room temperature for incorporation. For salivary gland BrdU staining, salivary glands were dissected from early third instar larvae and were incubated for 2 h in 1 mg/ml BrdU/M3 solution followed by treatment as described above. In situ hybridization was carried out as described (Du, 2000) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
